The Atacama Large Millimeter/submillimeter Array (ALMA) is the world's largest millimeter/submillimeter telescope and provides unprecedented sensitivities and spatial resolutions. To achieve the highest imaging capabilities, interferometric phase calibration for the long baselines is one of the most important subjects: The longer the baselines, the worse the phase stability becomes because of turbulent motions of the Earth's atmosphere, especially, the water vapor in the troposphere. To overcome this subject, ALMA adopts a phase correction scheme using a Water Vapor Radiometer (WVR) to estimate the amount of water vapor content along the antenna line of sight. An additional technique is phase referencing, in which a science target and a nearby calibrator are observed by turn by quickly changing the antenna pointing. We conducted feasibility studies of the hybrid technique with the WVR phase correction and the antenna Fast Switching (FS) phase referencing (WVR+FS phase correction) for the ALMA 16 km longest baselines in cases that (1) the same observing frequency both for a target and calibrator is used, and (2) higher and lower frequencies for a target and calibrator, respectively, with a typical switching cycle time of 20 s. It was found that the phase correction performance of the hybrid technique is promising where a nearby calibrator is located within roughly 3
INTRODUCTION
Millimeter/submillimeter interferometers are very powerful tools to investigate emissions from molecular gas and/or dust with very high angular resolutions. The highest spatial resolution is achieved with the longest antenna spacings (baselines). To open up our eyes at millimeter/submillimeter waves, Atacama Large Millimeter/submillimeter Array (ALMA) was constructed at the 5,000 m in the Atacama desert in Chile where opaque conditions due to the Earth's atmosphere are avoided. Because the most extended array configuration of ALMA has up to 16 km baselines, the highest spatial resolutions are 60, 25, and 17 milli arcseconds at the receiving frequencies of 100, 250, and 350 GHz, respectively. With these resolutions, ALMA is expected to reveal unseen astrophysical phenomena in a variety of celestial objects of star forming regions, 1 distant galaxies, 2 small bodies in the solar system, 3 and any other astronomical phenomena for which a high spatial resolution is the important key to solve mysteries. To achieve such high spatial resolutions, an interferometer phase stability taken with the longest baselines is very crucial. ALMA has tested phase correction schemes with baselines as long as possible since its early science operation started in 2011 as the commissioning and science verification phase. [4] [5] [6] [7] In ALMA, a hybrid phase correction scheme using 183 GHz Water Vapor Radiometer (WVR) phase correction 8 and antenna Fast Switching phase referencing (FS), or WVR+FS phase correction, is thought to be promising for its very long baseline observations. 9, 10 The ALMA WVR+FS phase correction scheme has been successfully demonstrated with the baselines up to 2.7 km, 4 and it is important to confirm whether this scheme is useful for the maximum baseline. In September to November of each year of 2014 and 2015, ALMA Long Baseline Campaigns (LBCs) were organized to conduct feasibility studies of the imaging capability using its longest baselines of up to 16 km.
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In the LBCs, research of the interferometry phase stability for long baselines was considered to be one of the very important subjects for future advanced science observations with the achievable highest spatial resolutions.
In order to investigate optimum observation parameters for the WVR+FS phase correction, we conducted "two source observation experiments", in other words, FS test experiments in the LBCs. In this report, we introduce the feasibility study results of the ALMA WVR+FS phase correction scheme in the two LBCs (LBC2014 and LBC2015). In Section 2, basic concepts of the hybrid phase correction scheme as well as mathematical expressions of characteristics of the ALMA interferometer phase fluctuations are described. In Section 3, we mention outlines of the FS test experiments. Sections 4 to 6 provide results of our experiments. In Section 7, we provide summaries of this feasibility study.
BASIC CONCEPTS OF ALMA PHASE CORRECTION

WVR+FS phase correction
The FS phase referencing is expected to effectively reduce phase errors especially for longer baselines. 12 In the following discussion, a single on-source duration is referred to as a scan. In the FS, alternate scans are made on the target and phase calibrator. One observation period from the beginning of the calibrator scan, then the target scan and return to the beginning of the calibrator scan, is referred to as the switching cycle time, t swt . An arrival time difference of a celestial radio wave between telescopes is largely removed by subtracting the a priori values, calculated in the correlator. We refer to the interferometer phases of the target and phase calibrator as ϕ t and ϕ c , respectively, expressed as follows:
where Φ apri is the a priori value for Φ, Φ WVR is a phase correction term obtained with the 183 GHz WVR which is installed to each 12-m antenna, Φ v is visibility phase component representing a source structure, Φ err is a phase error, ϵ is a thermal noise, t t is the time when the target is observed, and t c is the time when the calibrator is observed, temporarily t swt /2 apart from t t . If the separation angle between the target and calibrator is small enough and the switching cycle time is short enough, Φ t err ≃ Φ c err . Assuming that the calibrator is a point source (Φ c v = 0), the WVR+FS phase correction can be conducted as follows:
where ϕ ′t (t t ) is a WVR+FS-corrected phase of the target. Especially, the separation angle and switching cycle time are considered to be the most important observation parameters to control the performance of the WVR+FS phase correction.
Rms phase, temporal structure function (TSF), and spatial structure function (SSF)
Single source observations
A temporal structure function (TSF) of a two-element interferometer with a baseline vector B is calculated as follows:
where p is a time interval. Let us assume a phase screen and frozen flow for the tropospheric turbulence causing the atmospheric phase fluctuations. 13 Root mean square (rms) phase of a two-element interferometer (σ ϕ ) can be expressed using the TSF of a two-element interferometerD ϕ (B, t) as follows:
where τ is an average time, v is a velocity vector of the phase screen (or a wind velocity aloft), and D ϕ is a spatial structure function (SSF) expressed as follows:
where ν is observing frequency, ζ(x) is an extra phase caused by the excess path of the incident radio wave received by an antenna at x. If vτ ≫ B, σ ϕ can be simplified as √ D ϕ (B). The wind speed is assumed to be v = 5 − 20 m s −1 for telescope sites. Because ALMA has the longest baselines of 16 km, we can use the above approximation for longer than τ ∼ 1000 s . In previous studies, the SSF has been treated as a power-law function in many cases as follows:
where C and α are referred to as a structure coefficient and structure exponent, respectively. For a typical threedimensional (3-D) Kolmogorov turbulence, α is theoretically predicted to be 5/3 for short baselines (≤ 1 km) while α is 2/3 for a two dimensional (2-D) Kolmogorov turbulence for long baselines (≥ 1 km).
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Phase referencing observations (Two source observations)
Let us consider the rms phase due to the atmospheric phase fluctuations in the case that two closely located sources are observed. The TSF of the target phase after WVR+FS phase correction can be expressed as follows:
Using the above TSF, the rms phase of the calibrated (phase referenced) target phase (σ ∆ϕ ) can be expressed as follows:
In the WVR+FS phase correction, the separation angle between the two sources and t swt are the most important parameters for successful phase calibration: The smaller the separation angle and/or the shorter the switching cycle time, the better the performance of phase calibration would be. On the hand, it is generally difficult to find a bright and compact calibrator close to an arbitrary target source especially at higher frequencies, and very short switching cycle time increases the over-head time in an observation, which makes the observation efficiency worse. It is required to look for optimum observation parameters for the successful phase calibration in the ALMA science operation. Figure 1 shows one of the array configurations during LBC2014 with the longest baseline length of ∼ 11 km. Twenty to thirty antennas were typically available for our FS test experiments. A pair of bright quasars were observed by turn with the very quick antenna pointing change (antenna fast switching). The on-source duration for each source was about 8 s while the over-head time for the pointing change was 2 to 4 s and mainly dependent on the separation angle between the sources. A brighter source of the two was assumed to be a phase calibrator while another fainter one was assumed to be a target. One experiment has about 30 and 20 min in LBC2014 and LBC2015, respectively. Four Base-Band (BB) channel for the two linear polarizations (XX and YY) were correlated every 0.96 s using the 12-m array correlator with the Time Division Mode.
OBSERVATIONS AND DATA REDUCTION OF FS TEST EXPERIMENTS
In the first step of the data reduction of the correlated data, we used CASA (the Common Astronomy Software Applications)
17 to obtain the WVR-corrected interferometer phase using the offline WVR phase correction software (wvrgcal). 18 The quantity of the line-of-sight water vapor content in the atmosphere is obtained as Precipitable Water Vapor (PWV), the depth of the water vapor in a column of the atmosphere, using wvrgcal. We also made use of the correlated data without the WVR phase correction, which is referred to as raw interferometer phase in this report.
The frequency-averaged four BB channel data with the bandwidth of 1.875 GHz for the two polarizations were averaged after removing the phase offsets between the BB channels. If we found a problem with the interferometer phase or amplitude with a certain antenna, the baselines with the antennas were flagged out. We obtained antenna-base phase solutions for a target and calibrator independently. We checked the data quality for each antenna solution and flagged out bad data due to troubles in the cross correlation, abnormal WVR outputs, the antenna pointing trouble, and so on. Phase connection was carefully made for the target and calibrator using the antenna-base phase solutions. Each of target and calibrator scans has typically 6 to 8 s on-source duration, and each scan was averaged in order to reduce the thermal noise contribution. Finally we reconstructed baselinebase phases from the antenna-base solutions which are free from 2π ambiguities to calculate SSF using all the available baselines. The same procedure was also applied to the raw interferometer phase except for the wvrgcal application. Table 1 
RESULTS OF FS TEST EXPERIMENTS
For the FS phase referencing, we used a simple algorithm to interpolate a target source phase from calibrator phases of two calibrator scans sandwiching the target source scan. Note that a phase offset for each of the antenna-base phase time series is removed but a linear trend is not. In order to investigate the dependency of the phase correction scheme on the switching cycle time using the same data, the calibrator scans were flagged to simulate longer switching cycle time.
SSF of the WVR+FS-corrected phase is shown in the left panel of Figure 2 with orange and blue crosses for the switching cycle times of 18.9 and 115.9 s, respectively, for a pair of sources J2000−1748 and J2005−1822 with the separation angle of 1.2
• . SSF with a 10 km baseline decreases with a factor of 10 (1 to 0.1 mm rms in excess path length) using the WVR+FS phase correction with the switching cycle time of 20 s, so that the hybrid phase correction scheme was proved to be quite promising for long baselines. We revisit the performance Figure 1 : Example of the array configuration during LBC2014 (24th of September, 2014) and its sky-view (http: //www.almaobservatory.org/en/alma-from-the-sky). In the left panel, "DAN N " and "DVN N " represent the ALMA 12-m antenna identification name. The four eastern cluster antennas (DV14, DA60, DA64, and DA65) were located between Cerro Chajnantor and Cerro Chascon. DV13 at the most southern position was located between two altitude peaks as well. of the hybrid phase correction scheme for ALMA in Section 6 to investigate criteria of the separation angle and switching cycle time more precisely. 
Understanding of SSF at the ALMA site
It is noted that there are prominent outliers in SSF of the raw interferometer phase with the baseline length of 0.4 and 1 km in the left panel of Figure 2 . Here we refer to four antennas in the way of the eastern arm (DV14, DA60, DA64, and DA65 in Figure 1 ) as "eastern cluster antennas". Figure 3 shows the time series of the raw and WVR-corrected interferometer phases of the baselines between the three eastern cluster antennas (DA60, DA64, and DV14) of No.2 experiment. The baseline length ranges 0.4 − 1 km among the three. On the other hand, Figure 3 shows the phase time series of much longer baselines between one of the central cluster (DV10) and the furthest antennas of DA50, DV19, and DV13 whose baseline lengths are ∼ 5 km. Comparing these two figures, phase fluctuations among the eastern cluster antennas are much larger than those with the 5 km baselines. Such large phase fluctuations with rather short baselines is referred to as "anomalous phase fluctuations" in this report. These anomalous phase fluctuations in the raw interferometer phases can be significantly reduced using the WVR phase correction as shown in the right panel of Figure 3 . This suggests that the anomalous phase fluctuations come from not instrument troubles (frequency standard etc.) but the water vapor disturbances in the atmosphere. The sky-view in Figure 1 (right) displays that the eastern cluster antennas were located between two high mountains of Cerro Chajnantor (alt.5,604 m) and Cerro Chascon (alt.5,698 m). Such a geometry may induce strong turbulences because the two mountains can disturb wind flows over the ALMA site.
In the same experiment (No.2), DV13 (the most southern antenna as shown in Figure 1 ) had an abrupt phase change at around 2:49 -2:52 UTC as shown in the middle line of Figure 4 . This remarkable change makes the phase stabilities of baselines with DV13 worse than those of the other long baselines, and can be also significantly reduced using the WVR phase correction as shown in the right panel of Figure 4 . DV13 was located close to mountains as shown in the sky-view, so that this antenna might have a similar situation to the eastern cluster antennas. The right panel of Figure 2 shows SSF after excluding the eastern cluster antennas and DV13. It can be easily noticed that the outliers for the raw interferometer phase disappeared in SSF. This revised SSF shows us typical characteristics of the atmospheric phase fluctuations which can be understood with the Kolmogorov turbulence and the frozen flow screen model of the lower troposphere.
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In the LBCs, we have often seen the anomalous phase fluctuations for specific antennas closely located to the mountains, which can be improved using the WVR phase correction. From the atmospheric science view point, it is worth while investigating these phenomena more precisely to clarify the characteristics of the ALMA site. In this report, we did not exclude those antennas showing the anomalous phase fluctuations in our data analysis with SSF. In the following discussions, we adopt the two component power-law model for the SSF with the 3-D and 2-D Kolmogorove turbulences as described in Section 2.2.1 although the power-laws are free parameters to be fitted. The model fitting was conducted for each experiment. Figure 2 shows the model fitting results with the dotted lines. Statistical analysis of SSF for ALMA single source observations is reported more precisely in another SPIE paper. Figure 5 shows histograms of an improvement factor of the WVR phase correction which is defined by a ratio of the rms phase between before and after the WVR phase correction. The improvement factor larger than unity means successful WVR phase correction. The histograms indicate that the WVR phase correction is successful for almost all the experiments more or less with some exceptions: The orange bars in the figure represent experiments with the unsuccessful WVR phase correction. We infer that roughly 5 % of science observations may not be improved by the WVR phase correction where the weather conditions are judged to be suitable to run observations. Figure 6 shows the time series of the raw and WVR-corrected interferometer phases of No.3 experiment as listed in Table 1 . This is a typical case that the WVR phase correction makes the phase stability worse. We can empirically categorize the ineffective and unsuccessful WVR correction cases into the following two:
Statistics of performance of the WVR phase correction
• Ineffective WVR phase correction under low PWV situation (PWV ≤ 0.5 mm) :
Because the water vapor is very little in the atmosphere, it does not contribute to the excess path length, and the WVR phase correction can hardly improve the phase stability. Note that the improvement factor is greater than unity, so that there is no reason to stop the WVR phase correction in this case.
• Unsuccessful WVR phase correction under high PWV situation (PWV ≥ 3 mm):
Because there is non-vapor water contents (for example, clouds), the WVR can sense not only the water vapor but also radiation from the liquid water and/or scattered radiation by the ice. In this case, the WVR phase correction makes the phase stability worse. In No.3 experiment, PWV was estimated to be 5.4 mm in wvrgcal.
The improvement factor can be easily evaluated from a few minute bright source observations by comparing the rms phases before and after the WVR phase correction and has been monitored in the ALMA science observation operations. 
Exceptional cases that the FS phase referencing does not work
Some of the experiments suggest that the FS phase referencing does not work due to unknown reasons. Figures 7  and 8 shows the time series of the raw and WVR-corrected interferometer phases of No.5 experiment as an example of the case. In the experiment, we selected a pair of sources (J0739+0137 and J0745−0044) with the separation angle of 2.9
• . Because the PWV was quite low during the experiment (0.34 mm), the WVR phase correction is not effective as already mentioned in Section 4.2. Figure 8 shows the phase referencing result of the raw and WVR-corrected interferometer phases. An abrupt change of the target (J0745−0044) interferometer phase happened 2-3 min prior to the similar time variation in the calibrator (J0739+0137) interferometer phase. Although FS could reduce short-term phase fluctuations, long-term time variations were inversely added to the target phase by differentiating the phases. In this case, neither of the WVR phase correction nor the FS phase referencing is very useful for the phase correction.
We investigated phase delays of the four BBs at the reference frequencies of 86.2, 88.1, 96.4, and 98.3 GHz in Band3 and found that the delays are proportional to the reference frequency. This suggests that the long-term phase variations are caused not in the ionosphere but in the troposphere. 20 The WVR phase correction could not reduce the phase fluctuations, so that the time variations mostly did not come from the water vapor. Our question is why the phase referencing does not work for the separation angle of 2.9
• . One possibility is that there were blobs with different reflective indexes which horizontally distributed further than kilometers away in the direction of one source. Because the elevation angle was at around 25
• in the experiment, the horizontal difference between the sources could be a few kilometers, it might happen that the blobs traveled across the pass between the another source and a 12-m antenna a few minutes after they passed the first one. 
BAND-TO-BAND PHASE TRANSFER PHASE REFERENCING (WVR+FS+B2B)
Although the WVR+FS phase correction is promising for an advanced ALMA phase correction especially for the long baselines, FS has difficulty to be applied at higher frequencies because it is not easy to to find a bright and compact calibrator around an arbitrary sky position within a few degrees. A possible solution is to observe a phase calibrator at lower frequency where a large number of bright phase calibrators are available. The refractive index of the water vapor is almost nondispersive in the observed frequency range covered with ALMA, 20 so that the calibrator phase at lower frequency can be applied by multiplying a frequency ratio between the target and calibrator. 9 This technique is called "Band-to-Band phase transfer", or just "B2B". The first B2B experiments were arranged with Noveyama Millimeter Array between 19.5 and 146 GHz and successfully demonstrated to improve the phase stability of the high frequency interferometer phase. 21 In imaging with Very Long Baseline Interferometry, the B2B technique is successfully applied to continuum sources from 22 to 86 GHz, 22 and H 2 O maser line at 22 GHz to SiO maser line at 43 GHz.
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In LBC2015 we conducted FS test experiments for the feasibility study of he WVR+FS+B2B phase correction with ALMA. The data reduction process is the same as the WVR+FS phase correction, but the calibrator phase is scaled up to the target observing frequency with the frequency ratio. Figure 9 shows the time series of the raw and WVR-corrected interferometer phases of No.9 experiment listed in Table 1 . The calibrator phase (red cross) is well aligned with the target phase (black filled circle). SSF of the WVR+FS+B2B-corrected interferometer phase with t swt of 20 and 120 s as well as of the raw and WVR-corrected interferometer phases are shown in Figure 10 for No.9 and No.10 experiments. The performance with the B2B technique does not show any prominent difference from the WVR+FS phase correction, so that the WVR+FS+B2B phase correction scheme is expected to be promising for high frequency ALMA observations with long baselines. Table 1 .
from a science target is used. So far, there have been 48 available samples (successful experiments without system troubles and/or severe weather conditions) in the two LBCs including the experiments listed in Table 1 but No.3 experiment due to the high PWV condition. We here try to obtain some guidelines in terms of the separation angle and switching cycle time for the advanced ALMA phase correction. For the following discussion, we here adopt "rms phase ratio" R ϕrms defined as follows:
so that R ϕrms less than unity indicates that the FS phase referencing effectively works. Figure 11 shows the rms phase ratio as a function of separation angle for the switching cycle time of 20 s and 120 s in the left and right panels, respectively, and Figure 12 shows the enlarged bottom left corner of Figure 11 in order to focus on smaller separation angles. Although the deviation is not small because all the available samples obtained under various atmospheric conditions (PWV, sky position, weather condition, etc.) were compiled, we can find a trend in the panels that, smaller the separation angle is, the more effective the WVR+FS(+B2B) phase correction becomes. Although it is difficult to make a concrete criterion in terms of the separation angle from the figures, we can averagely obtain R ϕrms ≤ 0.5 where the separation angle is ∼ 3 • or smaller. Especially, with the above separation angle criterion, the switching cycle time of 20 s yields greater advantage in the performance comparing with the switching cycle time of 120 s. On the other hand, where a calibrator is separated further than 3-4
• , a rather longer switching cycle time barely degrades the performance. The phase stability of the 10 km baseline can be improved more effectively than that of the1 km baseline in terms of the rms phase ratio. However, even with a rather short baselines (1 km), the phase stability can be greatly improved with the shorter switching cycle time.
Where the atmospheric phase fluctuations are caused?
As mentioned above, we found a statistical trend to constrain the optimal observation parameters such as the separation angle and switching cycle time for the successful WVR+FS(+B2B) phase correction. On the other hand, because the atmospheric conditions are different day by day, we are not successful to construct a physical model to correctly predict the performance. In order to understand the mechanism of the hybrid phase correction scheme more analytically, we arranged special experiment series in LBC2014 (No.4 to No.8 listed in Table 1 ) in which source pairs with different separation angles were observed at almost the same elevation angle (50 -63
• ) within a few hours under the same weather condition. The separation angles of the five pairs are 0.9
• , 1.6 • , • . Figure 13 shows SSF of the raw, WVR-corrected, and WVR+FS-corrected interferometer phases.
Before looking at the result of the separation angle dependency of the performance of the day, let us consider the analytical relationship of the rms phase of the WVR+FS-corrected phase. From previous studies, the rms phase of the WVR+FS-corrected phase for long baselines is almost independent of the baseline length and can be expressed as follows:
where C n is the structure coefficient of the SSF of the troposphere to the zenith 12 after the WVR correction, H s is the scale height of the tropospheric water vapor, v w is the wind velocity aloft or flow speed of the phase screen, H w is the height of the phase screen, ∆θ is the separation angle between two sources in radian, α is the 3-D turbulence structure exponent, and Z g is the zenith angle. In the case of the above arranged experiments, α ranges 1. 
where A = √ 2C n √ 1.4H s . In addition, assuming H w has a typical height of 1.5 km, Eq. (12) is applicable for a baseline longer than 1 km, that is, σ ∆ϕ is independent of the baseline length. Figure 14 shows σ ∆ϕ as a function of separation angle for 1 km and 10 km baseline cases. The rms phase in Figure 14 can be fitted to the following relation:
From the above model fitting using Eq.(12) and the assumption of the altitude of the thin phase screen of 1.5 km, we obtain A = 1.80 × 10 −2 m 0.3 and A = 2.59 × 10 −2 m 0.3 for the baseline length of 1 and 10 km, respectively. The above fitting result is not easy to be understood because, being different from the above prediction, σ ∆ϕ is clearly dependent not only on the separation angle but also the baseline length.
In the top two panels of Figure 13 , SSF of the WVR+FS-corrected phase for the separation angles of 0.9
• and 1.6
• slightly increases with the baseline length for longer than several km. For the separation angle of 2.6
• (middle left panel in Figure 13 ), the power-law slope of SSF of the WVR+FS-corrected phase is steeper than those of the smaller separation angles. For the separation angles of 5.1 • and 5.5
• (middle right and bottom), SSF has clear dependency on the baseline length, so that there seems to be another power-law component in SSF as a function of baseline length after the WVR+FS phase correction.
In order to quantitatively explain Figure 14 , we tried to adopt an additional thin phase screen with the 3-D Kolmogorov turbulence. The schematic drawing of the idea is shown in Figure 15 , and an example of a set of the parameters for the two phase screens is tabulated in Table 2 . In this trial, we fixed the structure exponent. One thing we have to note is that the new model fitting result is sensitive to the altitude and structure coefficient of the second screen but not to the wind velocity. The additional screen must be located at much higher than the lower phase screen, but the turbulent amplitude is about one order of magnitude smaller than the lower one. This result indicates that there exists a large scale atmospheric turbulence which can be firstly measured in ALMA interferometric observations. Table 1 Structure exponent 5/3 (< 10 km) 0 (> 10 km)
SUMMARY
In the ALMA Long Baseline Campaigns in 2014 and 2015, we have investigated the feasibility of WVR+FS(+B2B) phase correction scheme with the long baselines up to 16 km. The performance is basically very promising for the advanced ALMA phase calibration especially for long baseline observations. For the separation angle smaller than ∼ 3 • , the shorter switching cycle time can yield better performance, so that it is preferable that a bright phase calibrator within the above separation angle criterion is used with the switching cycle time of a few tens of seconds. Longer switching cycle time of 1 to 2 min is available where the separation angle is larger than the above because the performance is not rapidly degraded with the switching cycle time. On the other hand, it was found that the performance cannot be correctly predicted or suitably managed only with the observation parameters of the separation angle and switching cycle time.
In LBC21015, the feasibility of the WVR+FS+B2B phase correction scheme was investigated for solving the difficulty of the phase calibrator availability at high frequencies. There is no difference in the performance so far between with and without B2B, so that the WVR+FS+B2B phase correction is also very promising as well.
In addition, we obtained some useful knowledge for the successful phase correction from our FS test experiments: (1) WVR phase correction works for 95 % observations while it woks less effectively in the case that PWV is very small, (2) The FS phase referencing sometimes does not work well even for the case of the separation angle of 3
• maybe because of large scale blobs in the atmosphere, and (3) The atmospheric phase fluctuations occur not only in the lower troposphere, but also in the upper atmosphere with the altitude of a few tens of km.
